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Thermal gravimetric analysis (TGA) TGA showed no clear melting point, this points to a degradation reaction under elevated temperatures. The Graph is shown in Fig.1 . 
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Vibrational spectra of dibenzodioxocin Assigning vibrational spectra of a molecule requires not only a number of spectra of the molecule in questions as well as from similar compounds, it is also beneficial to have computations of similar structures at hand. This is, because, the heart of spectral interpretation is to assign a vibrational mode, which is a certain displacement pattern, to a band in the spectrum. However, it can happen that the calculated displacements are not understandable in terms that they cannot be described in established patterns, like those existing for the benzene ring. Coupling of modes for example can lead to a resulting displacement in which the contributing modes cannot be identified unequivocally. Changing the conformation or ring substituents can enhance interpretation, as in this cases calculated modes might be more characteristic. Furthermore this might give an idea on how a mode reacts on changing geometry or chemical environment, both of which make the overall interpretation more robust.
Some structures were calculated with GAMESS, others with GAUSSIAN ©, and some with both.
Calculations with GAMESS 1,2 were performed on a work station running Microsoft Windows © 10, 64 bit. The version of the program was: gamess.2016-pgi-linux-mkl.exe. All calculations were done with the SCF-DFT functional B3LYP with the 6-311G basis set. For visualization, the wxMacMolPlt program was used. 3 Optimized structures were used for calculation of the hessian matrix.
For calculations with GAUSSIAN 4 , first a conformational search of the model compounds was performed using a 1000 step Monte Carlo search with MMFF minimization, as implemented in Spartan '16 5 . The unique conformations identified were further refined with PM6 semi-empirical optimization, also in Spartan'16. Density functional theory calculations were then performed on the 10 lowest energy conformation from the PM6 step using the B3LYP functional, the 6-311G basis set and the GD3 empirical dispersion correction, all within Gaussian 16 , Revision A.03. Default values for optimization and grid size were used. The lowest energy conformation from the density functional theory calculations was used in the current work.
The structures which were used for the interpretation of the biphenyls, are listed and shown below. The G-ring was much less of an issue, because we have clearer understanding of this substructure Table 1 -Names of the model structures, the software used to calculate the vibrational spectrum and the abbreviation for this compound used in the assignment text.
Name
Software used Abbreviation used in text 5-5' basic structure Figure 12 -Structure of the G-unit (2-methoxy-4-methylphenol) . This compounds is the simplest G-unit and shows already most of the bands found also in bigger structures which are attributed to ring modes and is therefore a good model to understand asym-trisubstituted rings of the G-type. Vibrational spectra of compounds of this kind are explained in more detail in Bock and Gierlinger 6 . DBDO yields Raman spectra with little fluorescence. They are shown in Fig. 15 . Raman spectra were recorded with different laser polarizations. Changing the laser polarization and recording scattering from every angle (no polarizers), the Raman spectra look very similar ( Fig. 16, B ). When the polarizers were set with respect to the incident laser polarization, slight changes were observed (spectra in Fig. 16 , D). Figure 16 -Unprocessed, raw Raman 532 spectra of DBDO with different polarizations. A) Raman intensity heat map (1600 cm -1 , 30 cm -1 width) of DBDO crystals. The laser polarization directions are indicated. The arrow points to the pixel where the spectra were taken from. B) Spectra taken from the red square in A). Almost no difference could be observed between the polarization directions. C) Heat map as in A), taken from a different position. While the laser polarization remained unchanged, the polarizers were either aligned (0°) with or perpendicular (90°) to the laser polarization. Spectra from a pixel (red square) are shown in D). Three bands were found to differ: The symmetric CH3 stretch (2941 cm -1 ), ring mode 7a (966 cm -1 ) and ring mode 1 (798 cm -1 ).
Temperature does not affect the Raman spectrum, only the fluorescence background is slightly increased, as shown in Fig. 17 . This is contrary to the normal case, where a reduction in fluorescence would be expected, when a compound is heated up, because transitions to the ground state have lower probability. DBDO and other 5-5' structures (data not shown) show opposite behavior, this might be the reason for lignin to fluoresce at every temperature. Previous work saw the cause for fluorescence of 5-5' structures in the increased rotation of the biphenyl rings at elevated temperature. 7 Figure 17 -Raman 532 spectra of DBDO at two temperatures. A) Visual image of the crystal at 293K (20°C). B) Visual image of the substance at 393K (120°C). This was the limit of the heating stage. The crystals appear more glass-like, but did not really melt. Although TGA results (see Fig. 1 ) suggest some complex decomposition reaction, the Raman bands are still unaffected. This might be due to stronger scattering of DBDO in relation to decomposition products. C) Molecular structure of DBDO with the coannular bond marked. In DBDO, rotation of the biphenyl rings is hindered by the dioxocin linkage. D) Raman spectra of DBDO at 293 and 393K. DBDO consists of three G-rings, two of them are linked to each other via 5-5' bonding, resulting in a biphenyl unit. A coniferyl alcohol unit is linked to both rings in such a way that its double bond is opened up and linked to each of the biphenyl rings O4's.
From the vibrational point of view (see Fig. 19a ), we deal with an uncoupled G-ring, a coupled S-ring and some simple CO, CC and CH oscillators. Taking into account that the aromatic ring is one of the most complicated groups in the group frequency approach, (e.g. in Fig. 19a ) most of the bands will be caused by the aromatic nucleus 8 . The problem can therefore be reduced to an assignment problem of two differently substituted rings, which can explain most of the bands in the spectrum (we expect 30 G-ring and 60 S-ring bands, given that G and S will not couple).
It should be noted, that the so-called S-ring is not an S-ring as it is found in lignin, because the fourth substituent on the ring is not an oxygen but a carbon. Nevertheless, it is justified to treat this unit as an S-ring from the vibrational point of view, because it is identically substituted and this matters the most when dealing with vibrational modes of aromatic rings. The substituent change from O to C will of course cause frequency shifts and may affect couplings. The dipole moments may also differ, which affects the intensities in IR and Raman. In the remainder of the text, a single biphenyl ring is therefore treated as a S-unit.
The remaining CO, CC and CH oscillators of course have some contributions (for example the out-ofphase CO stretch of the methoxy groups, which causes a very strong IR band), but their frequencies do not change vary much between G and S rings, so that we can find them normally quite reliably. It should be noted that although the substitution of the biphenyl rings is not a real S-substitution, it is a asymmetric-tetrasubstitution of the ring, therefore the ring will behave in similar way as if position 5 was bearing an oxygen, because the substitution pattern has normally a bigger influence than the substituents (especially, if the mass change is not drastic, as is the case in going from O (16) to C (12) . The coupling of the rings results in every mode appearing twice, in in-phase and out-of-phase combinations. Furthermore modes will be allowed to couple that normally won't do, because two rings are connected and this may shift their wavenumbers, so that modes come close enough to each other to interact. We therefore expect some modes to lose their vibrational character -which will be hard to identify in the computations. Figure 19 -a) Chemical structure of DBDO and how it can be separated for vibrational assignment purposes. The single ring of the biphenyl is treated as an S-unit, see text for details. b) Depending on the orientation of the two rings with respect to each other, individual dipole moments are enhanced or cancelled out. In-phase modes can therefore either exhibit strong or no infrared intensity, depending on the orientation. This is also true for the Raman intensity. c) Ring puckering of a biphenyl unit. If one ring becomes rotated by 180°, then the displacement pattern turns from an out-of-phase into an in-phase combination.
The bands of DBDO will now be assigned and commented in decreasing wavenumber order. DBDO is different from the other two molecules studied in that here both rings of the biphenyl unit are oriented the same way, whereas for DCAB and MCAB, they are orientated in opposite direction. This means that the activity of the in-phase and out-of-phase modes will differ theoretically between DBDO and DCAB/MCAB. Fig. 19b explains this in-phase combinations of a ring mode. The arrows indicate a change in dipole moment. It is clear that due to the different conformation, in DBDO a dipole moment will be created while in DCAB/MCAB it will cancel out. Although the pictorial representation is idealized, because neither of the moieties is planar, the computed results are in line with this consideration. Furthermore, also the frequency order might be changed upon conformational changes. Out-of-phase combinations are normally seen at higher wavenumbers (see also Colthup, Daly and Wiberley 8 for an extended discussion). However, this is true for the whole molecule. As can be seen in Fig. 19c , the in-phase combination of Φ4 is an out-of-phase displacement on molecular level, because both C1 move in opposite directions. If the two rings were twisted around the coannular bond by 180°, then it would be an in-phase displacement. The infrared and Raman activities change accordingly to this and that is why vibrational spectroscopy is also sensitive towards conformational changes.
Individual ring modes couple with each other, but this also depends on the angle between the two ring planes. It seems that angles of up to 45° still enable modes to couple with themselves as judged from unsubstituted biphenyl, which has an angle of 34-44°9 -11 When considering couplings of ring modes as in biphenyl units, normally we only talk about couplings of the same ring mode, i.e. mode 3 of ring A couples with mode 3 of ring B to give an in-phase and an out-of-phase combination. However, this is not the only possibility. In general, both rings in biphenyls have three possibilities: a) The system is planar enough and both ring modes will couple to give in-and out-of-phase modes, i.e. mode 3 (ring A) couples with mode 3 (ring B) to give an in-phase 3 at frequency X and an out-of-phase 3 combination at frequency Y. b) The system is not planar and each ring will perform its mode at a certain frequency. The other ring can remain stationary i.e. it only counters the movement to keep the center of mass unchanged, which means that mode 3 (ring A) will appear at frequency X and mode 3 (ring B) at frequency Y. c) The system is not planar and each ring will perform its mode at a certain frequency, while the other ring performs another ring mode. For twisted system this means that one ring mode will be in-plane nuclear displacement and the other ring will have its atoms displaced out-ofplane, i.e. at mode 3 (ring A) and 16b (ring B) both appear at a certain frequency.
However, this option is only possible if there is a second ring mode in the vicinity of the first one that is close enough in frequency so that both rings can perform individual ring modes. In other words, these combinations can only happen in wavenumber regions below 1000 cm -1 , because the out-of-plane modes of S-rings appear in this interval.
This might be counter-intuitive from a symmetry viewpoint, as modes belonging to different symmetry species are not allowed to mix. 8 However, it should be remembered that molecular symmetry takes the whole molecule into consideration, which in our case, does not have symmetry elements other than the identity operation (C1 point group). At the symmetry level of the individual benzene rings, it is therefore allowed to mix in-plane with out-of-plane modes.
In 
Explanatory notes on the C-H stretching modes
The fundamental work on the behavior of CH stretches of all kinds of compounds can be found in all standard publications dealing with vibrational spectroscopy. Although these enable the reader to understand the principal motions of these groups, detailed assignments in even simple molecules require more sophisticated approaches due to complicated coupling effects of some groups with their own overtones.
The standard quantum-chemical calculations applied to assignment problems of vibrational spectroscopy fail to calculate values close to the observed ones because of the aforementioned effects which need to be addressed by additional corrections. 15 The assignments based on our B3LYP-functional, which is not corrected for anharmonicities are therefore the most uncertain in the CH stretch region. Nevertheless, a survey on the various types of CH groups and the effects which influence their frequencies can help to understand the vibrational spectrum.
We start hereby with counting the Hs in the molecule and assigning them to functional groups which are very familiar to chemists.
DBDO has 28
Hs, which can be separated into  9 Hs belonging to methoxy groups  6 Hs belonging to methylene groups  2 isolated Hs which do not have a second H on the same atom  7 Hs belonging to aromatic rings and  4 Hs belonging to OH groups which are not considered further For the interpretation, this separation is useful and the reader should note that the grouping is based on the number of hydrogens which share a carbon and the type of that carbon, i.e. in a methyl group, three hydrogens share the same carbon and the two single hydrogens are different from ring Hs, which are also isolated, but their carbon is differently hybridized.
Furthermore, is drawn to the fact that the lone pair interactions can perturb C-H frequencies and that we have to also consider these effects also. It is well established 16 , that lone electron pairs can interact with antibonding C-H orbitals, which will increase the bond length and decrease the frequency of these oscillators. In principle, it has been shown 16 that this back-donation can be applied to any orbitals of suitable symmetry and steric position, but let us consider here only the C-H bonds. DBDO possesses nine oxygen atoms, of which five are adjacent to carbons bearing hydrogens.
Let us now try to give some of the considerations necessary for assignment on the stretches of each of these groups in detail with the help of the aforementioned as well as standard publications. 8, 17 Methoxy groups
Methoxy groups are considered as methyl groups with an electronegative substituent. Therefore we can apply first the theory for methyl groups. The CH3 group has three hydrogens which are chemically equal and share the same carbon, therefore their motions strongly couple. Under C3v symmetry, this group will have one symmetric stretching mode and two asymmetric ones, which are degenerate. Furthermore, methyl groups are known for fermi resonances, where the first overtone of the symmetric bend interacts with the symmetric stretch 8, 18 . The individual CH bonds in methoxy groups are no longer equal as the oxygen breaks the symmetry and one hydrogen is chemically different from the others. Methoxy groups show a distinct band at approximately 2850 cm -1 19 , however the reason for this is not clear from the literature. While the vibrational assignment to the symmetric stretch is consistent across all published work, earlier publications ascribe the lowering in frequency to a lone pair † -σ* interaction 16, 18, 25, 26 , while more recent work favors a fermi resonance with the bending overtone of the symmetric "umbrella" bending 15, 27 . The implication is that this band will be present regardless of whether the oxygen lone pairs are involved in hyperconjugation with the aromatic pz-orbitals or not, meaning that it does not matter for this mode whether the methoxy group is in-plane with the ring or rotated out. This can also be seen in molecules, where the methoxy group is forced out of the plane as in 2,6-dimethylanisole, which also has a band at 2864/2825 cm -1 (we are not certain on which of these is attributed to the methoxy group). 28 Another consequence is that the methoxy group has two sets of hydrogens, a pair consisting of the hydrogens sticking out of the ring plane and a single hydrogen in-plane with the ring. Its modes are therefore better described as CH stretch, symmetric and anti-symmetric CH2 stetch. 15 In DBDO, the band at 2846 cm -1 is therefore assigned to the symmetric stretch of all methoxy groups.
The asymmetric stretches are less straight forward as they are not degenerate anymore and, as mentioned above and the displacement pattern shown in the textbook can no longer be applied. The in-plane asymmetric CH stretch (A', considering the OMe group having Cs symmetry) is assigned to the higher wavenumber 28, 29 (corresponds to the single CH stretch 15 -this makes sense from both the CH3 and the CH + CH2 arguments, as in this mode the isolated hydrogen has to counter the movement of the other two Hs with twice the amplitude) and the out-of-plane asymmetric stretch (corresponding to the anti-symmetric CH2 stretch) is assigned to the lower wavenumber. Hence, by comparison with anisole, they are assigned to 3003 and to 2962 cm -1 , respectively. † Note that the actual shape of the lone pair orbitals is of utter importance for this discussion. The VESPR model [20] [21] [22] was recently critically reviewed by Clauss et al. 23 and defended by Hiberty et al. 24 The conclusion was that both the VSEPR and the NBO theory can be used and there may be context-specific merits for preference of one over the other. ). This shows that the initial explanation of the low frequency was justified as from the view of MO theory until it was replaced by the modern view that only Fermi resonance is responsible for the large split. c) CH stretching modes of the methyl group. The three modes according to group theory are split into a subset of a CH2 group and a single H, because of influence of the adjacent oxygen. The symmetric CH2 stretch further interacts with its own scissor bend to give the two modes shown here. d) The CH stretches of the two Ring systems involved.
Methylene groups
Methylene groups are simple in terms of their stretching modes, because there are only two. DBDO has three CH2 groups, and in all cases there is an OH group next to it. So in principle, the same reasoning, as for methoxy groups, can be invoked, namely that the hydrogens will become vibrationally decoupled because they interact with the oxygen lone pair and have their frequency downshifted. However, the oxygen can rotate freely around the CH2-O bond and also participate in H-bonding, so here a sharp band is not expected. In Fig.20a , the spectra of benzyl alcohol are shown. Two broad bands are observed in the Raman spectrum, they correspond to the anti-symmetric (higher wavenumber) and symmetric stretching. We can assume that at the onset of the CH stretching region of DBDO there will be some contribution of those C-H oscillators, which are interacting with the oxygen lone electron pairs as detailed above. This is in agreement with CH2 groups adjacent to a nitrogen atom. 8 By comparison with benzyl alcohol, it is apparent that the CH2OH group causes bands at similar wavenumbers as the methoxy group. However the band at 2872 cm -1 is not present in anisole, so we assign the corresponding band in DBDO to the symmetric stretch of the methylene group. We further assume that the third methyl group will also come at this wavenumber.
Isolated hydrogens
There are two isolated hydrogens in DBDO, sitting next to each other on the carbons that are involved in the ether bridge to the biphenyl rings. The calculation shows them to be chemically equal to the extent that their stretching motions couple. The out-of-phase mode has a high calculated IR activity and the Raman activity of the in-phase stretch is rather low.
In 1,1-diphenyl propane, the CH lone stretch was assigned to 2889 cm -1 . 15
Aromatic hydrogens
There are two differently substituted rings in DBDO, so there are two sets of hydrogen displacement patterns.
The G-ring has three hydrogens, two are adjacent to each other. The corresponding three CH stretching modes can be seen as the coupling product of the in-phase stretch of the H-pair with the lone H: (+ +) +; (+ +) -and (+ -) 0. They are assigned as modes 2, 20a and 20b, respecetively.
The S-ring has two hydrogens, therefore the combinations + + and + -, assigned as 2 and 20b, respectively. Considering the twist of the BP unit, it is not unreasonable to assume that the hydrogens next to the coannular bond exhibit a different environment and are therefore vibrationally decoupled from the other H on the same ring -according to the calculation, this also seems to be the case. Interestingly, the bending motions are coupled and can be described following the Varsany/Wilson modes. In-phase Φ2 of BP Φ2 of G A strong Raman band around 3065 cm -1 appears for all G-and S-ring compounds we measured, also mono-substituted rings have this band. The inphase all-in-phase CH stretch of unsubstituted biphenyl is also observed at 3065 cm -1 , that is why we assign this bend to both G-ring and BP unit. dimethoxyphenol, 4-methyl-2,6-dimethoxyphenol) it is apparent that all have two Raman bands at ~3065 and ~3010 cm -1 but no Raman band between these two peaks which reaches similar intensity than these two. Therefore, this band is attributed to the BP unit in the Raman.
In infrared, the band is not clearly resolved and will also contain the lone-H stretch of the G-ring. 3018
Φ20b of G 3009 3003 Asymmetric CH stretching of OCH3 This is the mode which stretches in-plane of the ring and can be described also as single CH stretch of the C-H oscillator in-plane with the ring, directed towards the oxygen. 2962* Asymmetric CH stretching of OCH3 2941
2936 Symmetric CH stretching of OCH3 Anti-symmetric stretching of CH2
In comparison with anisole and benzyl alcohol (see Fig. 20 ), it is clear, that this band has contributions of both compounds and therefore of both functional groups.
The symmetric CH stretching of the methoxy group is upshifted and split into two bands due to fermi-resonance with its own bending overtone. 2924 2910* Asymmetric CH stretching of OCH3 Anti-symmetric stretching of CH2 Symmetric CH stretching of OCH3
May also contain the in-phase stretch of the two isolated C-H oscillators. 2876
2874 Symmetric CH stretching of CH2 2846 2843 Symmetric CH stretching of OCH3
This mode is in fermi-resonance with its own symmetric bending at 1462/1451 cm -1 .
CH stretch of CH2
This is assigned to those CH stretches, where the σ*-orbital is donated by the adjacent oxygen's lone electron pair. 1682 1699 C=O stretch of impurity Based on the lower wavenumber with respect to the reference value of carbonyls 17 and the rather strong Raman intensity, it is concluded that this carbonyl is in conjugation with another π-system. Since carbonyls of cinnamaldehydes appear normally at 1660 cm -1 , it could be the signal of alphabromo-ketone used in the synthesis (see Karkunen 1996 30 The doublet at 1464/1453 is often observed in benzene rings bearing a methoxy group. Rings with more than one methoxy group can still possess these bands but they might become indistinct because additional bands resulting from coupling between the groups appear. The symmetric bending (umbrella vibration) is upshifted in the presence of oxygen which makes both the asymmetric and symmetric bending of the methoxy group lie close together and which makes them difficult to distinguish.
The remaining eight hydrogens (three CH2; Halpha and Hbeta should appear somewhere in this range but cannot be identified separately. The band is assigned to the methoxy groups because its shape is unchanged with respect to molecules which do not bear CH2 groups. It is therefore assumed that the contribution, especially in the IR, is mainly from the methoxy groups. 1455 1451 CH bending of methoxy groups CH bending of CH2OH groups Benzyl alcohol shows a sharp band at 1454 which can only be due to the CH2 bend. It is therefore likely, that this band contains contribution of the CH2OH groups. 1435
In-phase Φ19b of BP Assigned because of the medium Raman band which agrees with the computed Raman activity of this mode. 1427
Out-of-phase Φ19b of BP 1420
Φ19a of G Assigned to this band because the corresponding Raman intensity is the lowest and this mode is expected to have the lowest Raman activity in comparison to the 19b combinations of the BP unit. 1397* 1397* CH bending According to the computation, this is mainly the wagging of the CH2OH groups and bending of the alpha (H37) and beta-Hs (H32, see Fig.4 ). 1389* 1386* CH bending See above.
Explanatory notes on the C-X stretching and C-H bending modes
The following part of the spectrum may look difficult from the amount of modes calculated, but with vibrational theory of the ring we can work through it. The modes encountered here are mainly CH bendings of the ring and CX stretches (X=Substituent). There are two hydrogens per S-ring and three per G-ring. Assuming that the S-ring hydrogens will couple, we arrive at four modes for the biphenyl unit, these are + + + + (ip Φ18b), + + --(op Φ18b), + --+ (op Φ18a) and + -+ -(ip Φ18a). The G-ring has three modes (3, 18b, 15) . Without interaction with aliphatic CH bendings, there will be seven modes in total for ring CHs. Likewise, the CX oscillators couple with ring modes, but there are only as many couplings above 1000 cm -1 as there are radial benzene modes around 1000 cm -1 . The other CX modes will couple to the radial bending modes of vibration 6 and therefore be found below 1000 cm - 1 12 . For this, the G-and S-rings have to be considered separately. The coupling patterns for the CX stretches with the S-ring are the same like shown for the CH bendings. It is not clear, however, which C-X stretch will couple with a ring mode and therefore the pictorial representation in Fig. 23 can only serve an illustrative purpose. While the modes 20a and 13 can be unambiguously assigned, our computations give different coupling patterns for the C-X stretches with the ring modes 6a and 6b for the three different compounds, and it can be assumed that the conformation will have an effect on this. This means that sometimes it is the substituent on position 4, which couples to the ring mode, sometimes it is the substituent 3 or 5 or combinations of them. If all ring modes are consumed, the remaining substituents (see also Fig. 25 ) will only be counteracted by the ring, but do not couple to it. Regarding modes 6a and 6b, it is clear that the substituents in position 3 and 5 of the ring can in principle couple with both modes, whereas the substituents in position 1 and 4 can only couple with mode 6a. Mode 6b is therefore considered to be the one coupling with the methoxy groups and 6a can couple with one or both substituents in positions 1 and 4. Note that the substituent stretches will be denoted as CH-stretching modes, the respective in-phase combinations (substituent to ring) will be the modes 1 for 20a, 12 for 13, 6a for 7a and 6b for 7b. Mode 13 is shown in the displacement pattern often calculated -only the carbons in position 1 and 4 are moving. The third C-X oscillator participates only little in this motion. The biphenyl unit has not 8, but only 7 substituents, because both rings share the coannular bond. One phase combination is therefore missing -the calculation showed that this will be 7b. Couplings of substituent groups are not shown, some can be seen in Fig. 25. Furthermore, in the BP, both rings are coupled with each other, which will duplicate the number of modes and for every ring mode there will be an in-phase and out-of-phase combination observed, if there is no other mode that can interact with it (in such cases, additional splits occur as we are dealing with a coupling-cascade and it gets more and more complicated to find all modes).
Two modes are observed at stable frequencies over all single G-rings we measured so far, so that we can confidently assign them. These are the bands at ~1035 cm -1 and ~920 cm -1 .
1363
In-phase Φ20a of BP
The vibrational form of this mode does not really follow its description, because it is mainly the heavy loaded triangle of the ring which is moving. That is why we additionally denote this mode by the symbol . It shows breathing character and is therefore normally strong in Raman. The aliphatic CH bending must also appear somewhere in this band complex but is computed (and expected) to make only a small contribution to the spectrum. These modes are likely hidden and not resolved. 1227 1226* In-phase Φ18b of BP Φ13 G Aliphatic CH bending
The Raman spectrum seems to display mainly the BP mode, because this has a high computed Raman activity. By contrast, in the IR spectrum most of the contribution probably comes from the G-ring as ring vibration 13 normally has strong infrared intensity. The inphase Ring-H-bending is computed to not change the dipole moment much. 1220* 1217* In-phase Φ13 of BP 1210* 1209* Out-of-phase Φ13 of BP; OH bending; CH rocking of CH2OH 
/ 49

Explanatory notes on the C-O stretches
There are fourteen C-O oscillators in the molecule, eight of them do not involve an aromatic carbonthese are: 3x Methoxy C-O, 2x CH2-OH of BP, 3x C-O of Cα-Cß-Cγ. This means that these eight do not necessarily have to couple to ring modes, so they are expected in the normal range of C-O oscillators: roughly 1200 -800 cm -1 . 8 However, from symmetry considerations, there are two pairs of similar oscillators: the methoxy groups of the BP and the alcohol endgroup C-OHs of BP. Furthermore, also the tail of the coniferyl alcohol unit can be viewed as one unit with three C-O oscillators. In this case, three coupling patterns should emerge (+ + +), (+ 0 -) and (+ -+), which is also supported from the calculation. Additionally, two ring modes fall into this region which normally couple with methoxy groups -7a and 7b (G only 7b). There are three rings, so there should be five modes (7b G, 2x 7a BP, 2x 7b BP). However, the BP ring modes will couple, so that there are two BP combinations for each ring plus the single G-ring mode. Interestingly, the calculations for DBDO (both Gamess and Gaussian) show that there arise higher level combinations, as ring combinations couple with C-O oscillator combinations.
1102
Anti-symmetric stretch of the Cß-Cα-OH group This band is common to all three BPs. 1032 1034 CO stretching of methoxy group of G Assigned by comparing with simple G-molecules, which all have their CO stretches around 1035 cm -1 . Matches well with the calculation. 1020-1000
1020-1000
There are bands hidden between the bands 1031 cm -1 and 983 cm -1 and according to the calculation, there should be the following modes:
CO stretching of Cα-Cß-Cγ Out-of-phase (In-phase Φ7a of BP) (In-phase C-O of CH2OH BP)
The calculation shows two strong infrared bands between the methoxy CO stretchtes and the BP CO stretches. By comparing with coniferyl alcohol and 3,4,5-ttrimethoxybenzylalcohol, one calculated mode is accepted, this is the CO stretch of the tail of the coniferyl alcohol unit connected to the BP unit. The bond length change of the C-OH bond is calculated to have the highest contribution to this normal mode, although the other C-O oscillators connected to Cα and Cß also move in-phase, so that this mode could also be described as the in-phase C-O stretching mode of the Cα-Cß-Cγ.
The other mode is computed to be a "coupling of a coupling" of a mode. The CO stretches of the CH2OH groups couple to give two modes (see Fig.25 ), where one of them, the symmetric one, couples again with the in-phase combination of ring mode 7a of the BP unit, which by itself is a coupling of the two individual ring modes. This results in two modes, one where the in-phase 7a BP ring mode couples out-of-phase with the in-phase CO stretching of the CH2OH group, the other where the coupling is in-phase -they are calculated to 1024 cm -1 and 966 cm -1 , respectively. This is seen clearly by the movement of the ring carbons 1,5,8 and 10, which, in the in-phase mode, radially move out of the ring when the C-O oscillator stretches, whereas in the out-of-phase combination the ring carbons move in during the stretching of the CO bond. In-phase Φ10a of BP 871 870* Out-of-phase Φ10a of BP Based on the assumption that this mode will create a small dipole moment change, which could be at the onset of this large peak. 860* 862* Out-of-phase Φ11 of BP This mode is calculated to have only a medium dipole moment change. Furthermore, it is an out-of-phase combination. Both arguments together make it feasible to set this mode to the shoulder of the out-of-plane-CH-bandcomplex.
853* 854
In-phase Φ11 of BP Φ10b of G There are two strong peaks which probably derive from the in-phase umbrella motion of the aromatic hydrogens of the BP unit, because this mode is expected to create a large change in dipole moment. However, at around this wavenumber also mode 10b of the G-ring is observed in simpler model compounds. We therefore decided to assign this and the following band to a combination mode of the in-phase mode 11 of BP together with 10b of the Gring. From experience, the in-phase coupling should be the one at lower wavenumber, however the accompanying Raman band is stronger so that we think this could be the mode, where the in-phase umbrella of the BP is countered by 10b of the G-ring. Therefore, this band is assigned to the all-inphase-umbrella mode of the molecule. 843 842
In-phase Φ11 of BP Φ10b of G Based on the Raman activity, this band is assigned to the combination, where the in-phase umbrella of the BP unit moves out-of-phase with the lone-H of the G-ring. 823* Φ11 of G 816* 808
Out-of-phase Φ1 of BP The displacement modes, where the substituents move in the same direction as the ring carbons are located for G-and S-rings in the 800 -500 cm -1 . These modes are denoted as Φ1 and Φ12. For asym-tri and asym-tetrasubstitution, they cannot be unequivocally distinguished anymore and it is therefore conventional to assign the displacement of the less-loaded triangle to Φ12 and the heavy-loaded triangle to Φ1. 12 However, our computations on several Gand S-rings suggest, that a better description of the actual displacements would be achieved by reversing that order. This means that the light-loaded triangle of the ring will be denoted as Φ1.
Furthermore, the computations show that these modes can interact with mode 4, which results in a combination mode, where the ring carbons also move out of the plane in the breathing modes. While computations of the BP subunit alone show both modes to interact less, meaning that their original nature is still discernible; in DBDO strong mixing is present. It is also possible that one ring performs an in-plane mode while the other ring is in an out-of-plane mode, as discussed above. Given this, we assign this band to the out-of-phase combination of ring stretching, because looking at G-and S-rings in general, we assume that this is the domain of Φ1.
The out-of-phase combination is not expected to change the polarizability much, but will, if the rings are twisted, create a change in dipole moment, because O1 and O3 (see Fig.19 ) will move in the same direction.
The band is therefore assigned to mode 1, although there might be partial mixing with mode 4 or combinations of each ring performing a different mode might be possible. 799
798
In-phase Φ1 of BP Φ1 of G Following the same argument as above and noting that this band is one of the strongest Raman bands, it is assigned to the in-phase ring stretching of the BP and the G-ring. Interestingly, this mode is calculated to be much lower for the isolated BP-units (727 cm -1 ; Gau-BP-unit; 739 cm -1 Gms-BP-unit); in DBDO this mode can no longer be clearly identified.
Part of this band is Φ1 of the G-ring. This mode normally has good Raman intensity as well and is relatively stable at 790 cm -1 (2-methoxy-4-methylphenol: 789; 2-methoxy-4-propylphenol: 794 cm -1 ; Eugenol: 793 cm -1 ). 769 766
In-phase Φ4 of BP This and the following band stick out in DBDO by comparing it to spectra of Grings -they are higher in wavenumber than typically expected for mode 12 in G-rings and the shape of the doublet is similar to the doublet next to it (IR: 807, 798 cm -1 ). It is therefore likely that these doublet represents both combinations of mode 4 of the BP -the assignment of this band to the in-phase combination is based on the stronger IR intensity than that of band 758 cm -1 . It is to be noted that according to the calculations this band also involves mode 12 of the G-ring, which we assign to the lower band complex at 731 cm -1 . 759
758 Out-of-phase Φ4 of BP 742 739 Out-of-phase Φ12 of BP Φ12 of G This is an interesting example on how tightly interacting modes alter the frequency. Mode 12 is normally found around 580 cm -1 , but since both rings are connected in a way that they share a common atom (the H of one is the C of the other), both modes can interact and will fall apart. The separation is about 500 cm -1 ! Such huge frequency splits are rare, the normal separation based on our model compounds and calculations is not higher than 30 cm -1 as a rule of thumb.
Based on 2-methoxy-4-propylphenol, this band is also expected to have contribution from Φ12 of the G-ring. 730 Φ4 of G 
. A broad OH-torsion band is underlying part of this region in the IR -it is shown only for illustrative purposes -the actual shape might differ!
Bands from here on get increasingly difficult to assign, because often the whole molecule is involved in a vibrational mode. Additionally, ring modes lose their characteristic displacement patterns and acquire mixed in-plane/out-of-plane forms. The whole region is underlaid with a broad absorption which derives from the hindered OH rotation (=torsion). The assignment is here heavily based on comparing the spectra with reference compounds, since the computational results are often contradictory to one another.
Our infrared data are only available down to 400 cm -1 . Below one can make only an educated guess. One component is the bending of the C-O-CH3 group. In G-rings, this mode often gives a medium line; in S-rings it is often among the strongest bands. This is due to coupling with the second group, which increases the polarizability for the in-phase combination. Calculations show that in G-rings this mode can further interact with bending of the other substituents, and the specific pattern would be described as ring mode 9a.
A hindered ring rotation (10a in G, 10b in S) often accompanies this line, but is normally weaker, especially in S-rings. Sometimes its wavenumber is higher, sometimes lower than the methoxy bending. 300-220 n.a.
In-phase Φ12 of BP As already noted above (see Raman band 731), tight interaction causes the combinations of ring mode 12 of the BP unit to split by hundreds of wavenumbers. The displacement pattern of this mode is best described as a translational movement of both rings against each other. This conversion of a ring mode to a skeletal mode of the molecule is also an explanation why this combination appears at a very low wavenumber. This also is also seen in the parent molecule (biphenyl) which has its in-phase combination of the ring stretching at 328 cm -1 . Note that this mode is the counterpart to the strongly Raman-active mode at 1361 cm -1 in a sense as here both substituent and ring carbon move in-phase with respect to each other, whereas the band at 1361 cm -1 resembles the outof-phase combination. 142 n.a.
Nuclear magnetic resonance (NMR) spectra of dibenzodioxocin NMR-spectra of DBDO are shown in Fig. 27 and 28 . The peak shifts are tabulated in Tab.3 and 4. Table 4 -13 C shifts of DBDO measured in MeOD. The atom numbers correspond to the those shown in Fig. 28 .
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UV-Vis spectrum of DBDO Fig. 29 shows the UV-Vis spectrum of DBDO measured in ethanol. 
Vibrational modes of substituted benzene rings
Vibrational modes of the benzene ring are substitution-sensitive. Both wavenumber and intensity will be affected by the substituent(s). Fig. 30 shows the notation for G-rings, this is the coniferyl alcohol moiety joined over its ß and γ carbon. Fig. 31 shows the notation for S-rings, this can be applied to the biphenyl rings (see "Introductory notes on the vibrational analysis of biphenyls"). Figure 30 -Vibrational modes in Wilson 35 /Varsanyi 12 notation for G-rings. The 30 modes of benzene are divided into 12 ring carbon modes, 9 hydrogen modes and 9 substituent modes. Arrows depict atomic displacements in the plane of the paper and + and -indicate motion out of the paper plane. The magnitude and direction of displacement have only illustrative character. Calculated displacements of actual molecules can considerably deviate from those shown here, although the principal character of the mode can normally still be recognized. Figure 31 -Vibrational modes in Wilson 35 /Varsanyi 12 notation for S-rings. The 30 modes of benzene are divided into 12 ring carbon modes, 6 hydrogen modes and 12 substituent modes. Arrows depict atomic displacements in the plane of the paper and + and -indicate motion out of the paper plane. The magnitude and direction of displacement have only illustrative character. Calculated displacements of actual molecules can considerably deviate from those shown here, although the principal character of the mode can normally still be recognized. Note that, although shown for S-rings, this chart is valid for any asym-tetrasubstitution and can therefore be applied to the individual rings of the biphenyl unit as well.
